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ABSTRACT

: 'Tl}a\sputjterlng pi*ocess has been investigated ‘hyi'.l‘lmmating
tﬁe Aébﬁﬁtéring of s‘ingle';cx;y.sta.l copper with 1-—7 keﬁf“’é;{gon. A
digital computér was used to build the crystal, bombar& it, and
move crystal atoms. Four mechanisms were obaerved which
cause surface atoms to sputter. An atom is sputtered wﬁen _
(1) it is squeezed out of the surface, (2} it is scooped out
when another atom strikes its inner }hemls'phér.e, (3) it is ejected
when an atom passes behind It, and () it is knocked out Sy a
second layer atom which I8 moving outward. WNearly all sputtered
atoms were surface atoms. Second and ‘thAlrc‘i layer atoms were
sputtered only for lon energies greater thlan 5 keV._ They _f‘it\ere
sputtered by mechanisms similar to the surface atom mech#nisms.' |
"Silsbee chaly.ins" wére observed to be dlrécted into the'erystal, -
and momentum focwsing was observed to cause sputtering only

when it occurred in close packed, surface rows. Outward

directed_ chains were ‘not ‘obqartod: ) Sputtering deposit patterns,

' . . .
sputtering ratics, and sputtered atom energy distributions were

wciet

obtained for (100}, {110), and (111) surfaces. All data

compared favorably with experimental data.
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1. INTRODUCTION.

Materiai is lost from a substance undergoing loric bombard

ment. This is sputtering. Many authors have tried to define
sputtering using terrﬁa such as "(atoma)...ejected or knocked
out", "emission™, "ionic erosion"”, Ydisintegration®, and i"l.'i!'eal:-
down." A reader who blithely accepts one of these definitions
in the course of hie reading may conclude: This definition

; describes the mechanism of sputtering. This is an illogical, if
not ervoneous, conclusion; the definition of sputtering must be

derived from the mechanism, not the mechanisc: from the

definition. The sputtering process has been inveétigated
utilizing one of two general mechanisms, ejection or emlssion.
Ejection implies an immediate or direct reaction release of an

atom from a crystal; emission, a delayed or indirect reaction

SELLE T s e P e S L e L i A L s e MR .
™ 2 Y A

process which results in the release of an atom.

In 1923, Kingdonr and Langmuir (1) bombarded thoriated
tungsten with various ions in a2 glow discharge tube. This was
a speclal case of sputtering since the thin surface film of
thorium on a tungsten substrate was sputtered rather than the
tungsten itself. The results of this experiment, that the
sputtering ratio, atoms removed per incident ion, increased
with increased lon mass and increased lon energy, qualitatively
suggested an ejection mechanism. A few years later, Von
Hippel and Blechschmiat(?) proposed a theory which described

sputtering as an evaporation of surface atoms, an emission

13
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mechanism. Earlier, Von Hippel(” had found by sﬁect;r,oscqpic

-~ Al s -

. means that at least some sputtered atoms were In an excited

state. The sputtering théory showed that atoms In the region
of impact could rapidly acquire thern;al eneréy if the kinet;c} :
energy of incident ions was converted to thermal ezﬁxergy .at the
target surface. If an atom acquired a sufficlent amounﬁ,of
thermal energy, it would then evaporate from the su;'face, some

atoms evaporating while in an excited state. This theory was

JAmproved by Townes(4) in 194k, who calculated a sputtering

flux and the number of atoms evaporated per incident ion.
Keywell(5_) in 1954, used neutron diffusion theory to approxi-
mate atomic interactions within the crystal, a new a.p_progch to
the theéretical i;westxgation of sputtering. Direct application
of statistical methods to sputtering was made by Harrison(6)

who envisioned the interaction of two diat;ribution functions

(the crystal lattice and the ion beam). These models, based on

statistical methods, implicitly accept ejection type mechanisms.

One of the most important contritutions to the study of
sputtering was made by Wehner”) in 1953, In the first :
sentence of his paper, Wehner stated, "The most widely
accepted sputtering theory is the evaporat;!oq theary..,.".'but
the deposit patterns' of _s_lgkl_e_ crystal sputtering ‘whié'h he

obtained showed ‘pronouncad'. high density areas or Mepota".

There was now strong evidence for a momentum tranefer .

process, and further development of the evaporation theary

14
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'fer effects in sputtering, the geometry of the.crystal lh.ould

‘ might be influenced by the structure itself. His calculations

ceased. Shortly after Waliner's findings were veported,
Henschke!8) proposed a theory of sputtering based noMyl_ on
classical collision thet;ry, treating normal and obllqua‘ incidence
sputtering separately. Oblique incidence aputtering ;ould' be
explained by two body collision processes. The incident ion
penetrated the surface layer with little or no interaction, was
relected outward by second layer atoms, and ejscted a lu!"face
atom by striking it o'n its inside hemisphere. . His concept of
normal incidence sput‘t‘:erlng required many-body collisions In |
which the lon was ev«antuall'y reflected outward to sputter -
surface atoms. 'This theory was plausible for oblique h\cwenee
sputtering, however, the case for normal incidanca lputtcm
requi;"ed that the ion be reflected inside the crystal, (For an
ion more massive than the target this requirement zannot be
met.) | ' v 4

Sllsbee (9) noted that in any discussion of momentum trans- '
be considered; luecouw"p collisions in a crystalline struecture

showed: In a two-body collision, an atom has a departure angle

3
i,
B
}
|
[} 3

@1 with respect to an axis specified by a close packed direction.

In subsequent collisicns, the departure angle D;,, will decrosse

if the energy is low enough, and the colision sequencie ccomrs
alorig a close packed row of atoms. This concept of "momentum

focusing", "Sillsbee chains", or "focustns" was considered by

15




many investigators, excepting Wohner(-m)_, to be.a f\ﬂlx.fq«q&ﬂ-—

factory explanation of the spots in deposit patterns. . But the

- deposit pattern is only one'of many obsarvable: featuz.’ep ,ot" :

single crystal sputtering.
- .The sputtering ratio is another important charadtgnisﬁc

of the sputtering process. If a theory or model I8 to -explain

. sputtering, both patterns and sputtering ratios must be .

explained qualitatively and quantitatively. Almén and _B‘ruc; R
(AB) (11) Heasured sputtering ratios of a variety of metals

using N, Ne, Ar, Kr, and Xe ions over a 5-65 keV range of

. bombardment energies. (Although polycrystalline specimens

. were sputtered, the qualitative results are the same as those

obtained for single crystal sputtering.) They noted that ‘the
aputtering ratio was ‘an increasing function of bombardment
energy provided the jon mass was greater than the tanget mass.

Sputtering ratios showing a maximum, or of 4 slowly varying

‘nature, were obaervéd in all cases in which the lon was lighten

Evidence such as this coincides with any gross gonception of an
ejection mechanism.

.Single’ crystal copper was sputtered by argon a: inter-.

mediate energies by Magnuson and Carlson (Mc){12) gna South-

ern, Willis, and Robinson (8WR)13), MC measured sputtering

_ratios (using 1-10 keV argon) for the (111), (100) and (110)

. :-surfaces and found that sputtering ratios decreased in this -

order of surfaces. BWR sputtered single crystal copper .with
16
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15 keV argon and measured sputtering ratios, but of ﬁoater _
significance was the quallty of their deposit patterns whlch
clearly showed the presence of only certain spots: |

(111) Aurface .‘ 3-;(110), i-(lll) but not alel:en due to
- beam aperture.

(110) sw face 1-(110), 2-(100)

(180) surface  4-(110), 1-(100)

The work of AB, MC, and SWR indicated that the sputter-
ing ratio is at least a function of bombardment energy (or
momentum) and of mass ’ratlos. However, conslderatlon of
spot patterns indic#tes that the sputtering process 'ltself >_ is
also highly dependent on the gross anci/or surface ge-omotry;-of
the crystal and on lon penetration depth.

Ion penetration of soliés has been investigated o.t:peri’mo’nt-
ally and by computer'slmu.lation. Plercy, McCargo, Brown,
and Daviea( 14) lnveaéigatlng channeling of various heavy ioxi.
in monocrystalline aluminum, found that the ion penet:rat.io:‘l'
distance increased in the order (111), (100), and (110) bum
orientations. This iIs the same order as the ap\n:terlng rat!o
decrease found by MC. A number of atudica of ion ponctrt-
tion have also been made using computer nimulatlom (Oen,
Holmes, and Roblnaon“S). Robinson and Oen( 16’, !;hrrt-on.
Leeds, and Gayl 17));

The most apparent correlation between the resuits of ion

penetration and sputtering studies ia the concept of trans-
perency, defined by Flult, Rok and Kistemaker(18), Both

17




experlmental and slmulatlon lnvestlgatlons of lon penetratlon
lndicate that channels exlst in certaln crystallographlc dlrectlons
of a crystal. Results of normal lncldence sputtering umerl-
ments lndicates that sputtering ratios are lower for surfaces
in whlch ‘these channels are parallel to the beamw.b One mlght
initially suspect that sputt.ering ratlos will be low‘ if lons an?
ta: get atoms are conflned to these channels; momentum is
azrected into the crystal rather than laterally, reversal of
momentum to produce sputtering not occuring. Accordlngly,
some lncldent jons should see a transparent surface rather
than a wall of atoms. - "

The obvious complexitles of the sputterlng process mar be
lnvestlgated separately by digital computer slmulatlon. This
of course involves the selectlon of a gross mechanlsm (ejectlon
or emlssion) and a model (hardsphere or otherwlse) If
factors such as the \m.eratomlc potential functlon and its
parameters are known, then the use of the rlcht model in the
computer may be expected to slmulate the actual sputterinc
procese. A Explanatlon of deposlt pattern characterlstlcs ancl
sputterlng ratles wlll necesearlly follow from an exact

Dy v reos.s

elmulatlon. -
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2. FURPOSE OF THE INVESTIGATION, -————- B

The bellef that the formation of, spots in oputﬁbr(nk deposit

' -1

patterns is solely a consequence of momentum focusing was

widely accepted for a numter of years. The Importance of
momentum focusing, not only in spot formation, but in the )

entire égutterlgg grocéés is now believed to be much lea’l”:’t\lun

originally thought (18-25), Trig investigation was undertaken to ' 5

explore the single crystal éputtering process using a ‘didtal

computer to simulate a copper crystal which is helng bomtarded

e T Y NGRS B e
e m——

with a beam of argdn ions. Primary effort was directed o
towards: |

a. Finding the mechanisms which result in atoms bdntv-

deposited in the spots or high density regions of the , i

deposit pattern. | | |

b. Determining the correlation between crystal structure

and sputtering ratios and patterns.

c. Tnvestigating the surface b’lndlng"-@e‘ég and its offect

on deposit patterns.
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r 3. MODEL,

A. A space lattice is established whoag sltea»{repreaant

the equilibrium positions of copper atoms in a face centered .

cubie crystal. Atomic spacing is that det_ermh}ed b_y. X=-ray
o .

crystallographic studies (for copper, a = 3.615 A). The

potentlal function, with parameters for copper-copper lnter-

(26)

actlon, is the Born—Mayer type Gibson Number Two he

interaction between argon and copper is simllarly deacribed

A+Br' but the numerical

using a Born-Mayer potential, V(r) -

values of the parameters A and B, for thla function are those

determined by Harrison, Carlston, and Magnuson (hCM)(ZV)

from a study of secondary electron emission. The rancLe of both

potential functions is eroded at r,, one half the nearest xielgh—

bor distance such tha‘t: the poten-t:al and force go to szero for . ».

atoms wh,qse centers are farther apart than 2r,. ﬁa? ‘of this

eroded form of the potential functions porq;lg:ltgbulhme'nt

_qf the crystal in a stable, ‘static state vglthout use of an

attractive potential. " This equlum otgto ll __dutroyed only

when an aﬁom moves from its lattice site. |

The lattice as a whole is restricted by the curr‘ent ‘comfmter-

procra‘m to perfect form. Defects such as interstitial atoml

cannot be used, howenr, irregularities In the surface layer are : | q >'

introduced by using two types of variation from a perfact |
- surface: vacancy and stub 6ondltlon§. The perfect or regular

| surface is identical to a full lattice plene. In the vacancy
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configuration the atom which would normally be hit first by
the lon is removed from the perfect surface. The ltub
surface has an atom added on the perfect surface In a stable

position and adjacent to the target atom. Additional atoms -

can also be added on the surface or removed from the perfect
surface‘ to provide a variety of random irregularities.

B. Each ion of the beam is approxixﬂated by a single,

' neutral argon atom whose velocity vector intersects the plane
of surface atoms at an impact point. (The term ion is used
througl;out this thesis for the incident particle to avold con-
fusion with target atoms.)

Successive runs are made using different impact

‘ points to simulate use of the entire beam area. The use of
P y this simple model for the ion beam is subject to four
conditionst

-1, The results obtained utln(pn_o random set of Impact
polxite are e-nntiany t:ha same as :hon obtdnod
| using any other random set of impact polnts. |
2. The majority of beam ions are neutralized before o *
" reaching io;nc' arbitrary Somy ‘which defines the o |
surface. - R | | - Jl

3. Prior to neutralisation, the pa.th}of a b“m fon is
not appreciably affected by the surface poteatial.
h. A crystal region is in an equilibrium cf.au each time

. oy

a mutralis'od lon Impacts in that region.

21
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Each of these conditions has been satigfied elther

cor mey
PREILE

in the model itself or by calculation. A full discussion is

contained in Appendix A.
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L. DYNAMICS.

The force functions for copper;copper and argon~copper
interactions are derived {rom the respective potential functions,
Atom position and velocity are then determined using Newton's
Secqnd Law of Motion. Normally, one would determine these
values by numerical lnt:‘egr‘atlon methods over small time inter=-
vals, however, this process uses too much computer time.
Special methods approximating integration have been developed
which are used to minimize computer run time yet maintain a
good approximstion to the Integration.

A. Gay(za) developed an iterative method of solution which
is similar to that used by Gibson, Goland, Milgram, and
Vineyard{26). Both Gay's and Gibson's methods use the
technique of replacing differential quantities with finite
differences to approximate the equation of motion, E‘/ui = dv/dt
v/ e by F/m = Av/ At. Using this gquation. and the éohﬁon—
ships 0x = vat and ¥ = (v + vo)/.?. equa:t:lom-(3—1) lnd (3-2)
are cbtained. | »

avev-v, = [Fix)/m]acx (3-1)

bres-x, = {IF sra) o s ‘}u‘ (3-2)
The known values F(x ), v,y x,, and ot In these equations

L

are usually assoclated with a time t = éo’- X and ¥, the
unknown values, are to be evaluated using these equations at
time t = T(tov dc).

Gibson's technique assoclates the valme of x o with a time

23
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t =t , but v
-]

is associated with a time t =t = At/2.
ox N

o

N

Current ve;lues of x and y are alternateiy computed at Sntervals
’ At ﬁsing ‘equations (3-1) ard (3=2).

ity * Bt/2) = v, (£, - at/2) + {F('xo’/@lbt | .

x(t, +4t) = x(to) +{[F(xo)/m]A;/2f v(f_:q +\At/'2)}‘;A‘t,
The advantage of this technique over tl'll.at‘of Vevalt{xa_tlng both
variables at t;ime t = t, +At is that a continuous smo_,othl\rlxg
of the values of x and ¥ occurs with each successive coinpnt;a-
tion, |

Gay recognized the need for some sort of smoot_:mng‘
procedure but considered that an averaélng process for equation
pa;ram_e_t_ers ratl"ler- than computed results would result inﬁa_':
better approximgtion. His method replaces t'he evaluated

force function F(x,) in these two equafions with an arbitrary

force function f£(x) which is linear in some interval to be
determined. Consider the following two step cycle:

Move an atom from x, to x, using computed values o_f:_ _

)
F(x,) and v, to solve equations ( 3-1) and ( 3-2). Compute
F(xy) and average this value with F;(xo). _Now; move the
atom from xq to x; using the averafed force, %‘.(.;:9, xl)

and v, tb solve the equations us!hg the same cqlnat'a;ng value
of At. Let fnow be defined in the interwval (xo, :;2), ‘guch
that f(x,) = %‘-(xo, xi). Equationa'(3-1) and (3=2) may

now be written:

vit + At) = v(t) + [f(xo)/m] at

2

e

—. e by —




x(t + &t} = x(t) +{[ﬂx )/m]At/E' + v(ti aE
The values of v and z are determinable in any 1n1:gz-1n] ln .

which £ approximates ¥ to some arbitrary degres, ‘therefore,
in every complete cycle or timestep a new interval and nev
function f are defined. - -

A determination of which of these two methods is better
must be based on some standard or condition. In ma'ny’ ééiéu
the accuracy of numerical solutions such as these may be
compared to the exact value one obtains by integration. But:,
there are no truly exact results in a simulation since a physical
model is in_the computer rather than the computer being uled

as a means of solving equations. Howev;ér, if the model is

physical,. physical laws must be satisfied,l and the exiergj xgavln

or loss 'due to 1:..he mathematical a'pp'roximation's'mu.s"t be smail.
This condition of energy balance has been used by Harr!sonbl)‘
who found that, in simulations invoiving atomic interactions such
as channeling or sputtering, use of Gay's method r";'s»\':l'lte&”in: a
b;ttet? energy balance. | .

B. The value of these approximation tecl{niquea may be
substantially reduced by injudicious selection of a numerical

value for At. Too large & value invalldates the appréximatlon,

but too small a value increases computer running time. The
program used In this simulation of sputtering Incorporates not
only Gay's approximatlon ‘method but also a proccdure which he

developed for automatlc adjustment of At. Its value is

25
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calcu.lated ualng the rehticmahip ‘t = : r/v wane bt {s replaced

here by & “to indicate that its value varles with each timgqtep.

(The velocity, g is the magnitude of the vglocity of the most

energetic atom In that timestep, and _{;is used here as an

input parameter, the timestep multiplier. . This parameter is

_assigned the computer variable name DTI and ,ig“gief;ige@::itlm‘

maximum displacement of any atom in any timestep shall be the
numerical value of DTI in apprapriate units of lgagtl(;q Gay
considered the value of At, consequently i;ha.t; of DTI, to be a

function of lon energy, imp&ct.. point, and stdrt point, bgt

~he was unable to find the relationshi.p.‘_ Trial and error, methods

e v e

were used to find optimum values, and geg.s‘o_pa.ply_g‘qqd_w rgag{ta

were obtained using these values. J»ohpa}_qn( 29)reportedthat

.the energy balance was maintained ‘to.lwlﬂ\min 3% for :a.ll hia runs,

The dxfficulties in choosing a va.lue for D'I‘l have been .

. largely eliminated in this study.  Some problem areas guch as

_ start point and impact point dependence were avoided by always

positioning the ion tangent to the first atom It would hltf,f_.;‘_:
This, at worst, will result in a constant error for which

adjustments may be made {this has not b_égx:t n’epenaar;v)-__&‘};be

positioning »provcedure: is described in Appendix B. 'I‘hg : d?P!&ﬂ-

gps:é on lon energy is inherent to the DTI computation process

| and s easily explained once theé clutter of impact point apd .
~ . start point dependence has been cleared away. Use of the

DTI process excludes all variable dependence except the Inverse

26
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proportionalltf to' velocity, but tie intmal In -welileh ‘Ohi’ Poice
function is cona!dered linear is exactly the ‘seme width ‘s ‘the
numarica.l value of DTI. Accordingly, a 's'tra.ightfoi'wax‘-ci' ';
anaiysis is made to show the intérdépen&éﬁég. ’

The force function, F(r), is expa.nded about an urhftr&ry
point r* uaing a 'I‘a.ylor's series for a function of one varllbh:'

(r-r%) # 1 °F| (r-r#)®4,..1 ?‘;{ | (pees)
r¥

F(r)-F(r*) +-3F

rjr¥ L2 T .

Since F(r) is derived from the potential functldn V(‘f‘)"‘f‘:j‘:h-oﬁr,

27470 F(r) is necessarily of exponential form and & F = Bks‘

el ,v and the series is rewritten in the followlng fgm."*““
F(ro {F(r*) [].-I'- B(r-r*;j} E"(r*) g Bn (r_’*)n} ’ 3’3)
‘ . ln=2 Y PA!

The quantity (r-r*) is now defined as a va.riable displacemcnt
Br, and equation (3-3) may be written: F(r) = f(xr) + g( Sr)
where ﬁiﬂ and ﬂ_s_z_)_ are the terms in braces in the force
function expansion. The functior_l £(d r) 1s assumed to be the

linear function used in Gay's approximation method; the function

£( § r) is to approximate F(r). Thus, it is required that the

rationg( tfr)/f( § r) be some fraction less than one.

Let an assumption be made that the ratio Is much less

than one, but that the actual value is the fractional deviation'

from linearity, a variable whose value is to be specified. Then,

‘since B is a negative constant {from the potential function),

the truncation error for thé series Is eaelly found, and the

IS R FLAR R
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i quantitygs r_ is known for e'ver,-y. specified value of fractional .

lenoidogong
deviation. But B is constant, and once the fractiomﬂ devia-

P wml Maltoane™

tion_ is specified, _A_:p le fixed. Coneequently, epecﬁ’ied to the

_’;“(4 ‘\»_ 1 \ '\ﬂ’!q( 'f

fractional deviation from llnearity, there ia a function f(r)

om0 ':xl.p r{ -

which is a valid approximatien to the function F(r) in every

k4 7‘..‘4.

interval (r, r+8r) where Sr ia fixed. The qnaatity s.r is

TR S TSTS

thus the value to be used for D'I‘I, and St - ‘r/v - DTI(V.

T

It is now aesurred tha.t at wil alwaye be the maximum

. »_poeei‘ple va.lue which minimizes compujter running _time wlthou_.t

(O S T ]

introducing errors due to the non—linearlty of the true foree
ft;ncﬁ'lon One would expect therefore, that the .‘energy
balance would be maintained to the ‘same order as the linea.rlty
of the force function. Further conalderation will s!iow t:hat
the energy balance is maintained to a considerabiy better
‘degree than that anticipateéd. First, since DTI is ‘the m&Mmum
displacement of the most energetlc at.oai‘,: eieeﬁm all' other
atoms will be displaced a distance less than DTI., Thus,' the
" thterval in which the forte function £{r) i ‘used is smaliws,

" and £ Is an even better approximation to'F. Second, for a
given fractlonal deviation from lmearity, ‘the muaefg_,_ e
total displacement, not ;‘. Y, Or 3 component f‘&%e‘embnt;

Z.and-the velodity used in the detérmination At = BTI/v for

" each timestep Is the total velvcity ¥; not the ‘Gompowent "

+ Véloelty "ﬁ.‘“"rhe result of these considerations may:be

aummarlzed by a calculation for the' mﬂmum dﬁbh ent ‘of




' an atom along the | component of its d!whcemdnti'wtért
Ax; = v;at, but v; ¢ v ‘ vmaxé.ﬁd At = ﬁT'I'/ivm‘x.
that 8x; ~ v (DTI}/vp,,) & DTI.

These analyses appear to provide a tidy solution to the |
time optimization and energy balance probiem. This would be
true except for the complications introduced by the eroded
form of the potential function. Consider a situation in which
one atom is separated from another by a distahce (Zro + d) |
where d is some distance less than the total distance D tixct
the atom will move in the next timesfep. When the "atom} is
moved the dlatp.nce D, as shown in figure 1, therfox'rcc' on the
atom at its new position is the same force it would hawe if

_ it had moved only (D-d) units. Since the force is gero for

r»2r,, the model assumes that the atom had a velocity v =

.. ' A
(D-d)/ bt (which is smaller than its actual velocity v = D/p t.,

and a smaller kinetic energy is computed using this smaller
velocity. This difficulty was originally foreseen by Gay who
included corrections to the force calculations for such situa-
tions. Both Lovy(3°) and Johmon( 29) fmproved tho motﬁod.
of corrections, and recent lmprcvemﬁnta in the force cdcuh-
tions have been made by Harri-onu“ .

The continuous improvement of the dy‘mmién sog’t!ol.z‘bf
the program has resulted in a model ln which not only has tho
computer runhing time been minimized, but of greatest licnlﬂ-

cance, for nearly all of the 700-800 combinations of surfaces,
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5. RESULTS.

Reports of sputtering studles often include ad hoc’formnh- ‘

tions of mechanisms which are used to explain depoéit patterns,
sputtering ratios, and sputtered atom e;xergy distributions.

The sputtering process is discussed in tﬁlé thosllln mms of
mechanisms which have been observed in the llmggtion to m_t_tg
atoma. The observance of theae mechanisms is an advnnmo

peculiar to a simulation. Each crystal atom (and the fon) must

be identified by number, at least for purposes ofcompum

calculations, Since every atom is identified, its complete ‘track

can be plotted and labéled. The tracks of selected atoms can
then be superimposed to show a complete set ’of tntmct!oﬁa.
The mechanisms which were observed to cause an atom to
sputter are considered the mwurviﬂe quant!t-y_of tho
simulation. | o

The results of the simulation are discussed for eack crystal »v

surface. The dotcrmlnatioﬁ that an'at'ov’m having energy g is
-puttend, was made u-tnc a probablllty-cf-oputeorlnc fmtlon. o
P(E) = 1 - .-B/Eb -ihm mbu the assumed binding umgy
The nhu of Plo compared wfth a undom munbcr g hlm a
value bctwm ] and 1. £ 4 __}3 the atom i eonlldu'.d |
- sputtered. (Thls mothod of nloction bu bnn comp.md wlﬂ: -
| " one using a-step function in which all atom- wfth E)Eb m '
assumed lp\tteo“d A-mm.mmm&»pm
lw-ot-puttom fhnctloa. eem 1. .-f'“%’*m aiso bua v




--tesﬁed. No differences were observed in the.sputten]

.,..-..,.M i

patterns based on the atom selection method.)

S s

Machamsms observad to cause a;mtterlns are discuoqoq,,
first for each au.:__'face. Deposit patternu, sputteripg ratios,
‘and sputtered atom energy distributions are then dlscussed..

'The deposit patterns shown are suporpo.ltlonl of _those .

. ¢ A 7 b g

e

e e e

obtam;d by sputtering the crystal separately with. ragula.r.
vacancy, and stub surface conditions. This practice follows.
that used by Johnsqn( 29) who found tth,a.t:. pattern features
__wére difficult to recognize when viewing separate patterns
from each 9ufface condition. The energy distributicps are
also superpositions of the three surface conditions. The uge
of superposition is considered to most realistically slnmtats
the condition of the crystal surface at varlonn times during.
sputtering. There are -tro}ng} arguments 'howavcr,‘ for using
~ only the regular surface condition. Sputt:orlng ratioa are :
not: avaraged (whtch would corroopond to the. unpn-poait!on

of other du:a) oincc a probabll!ty fa.ctox- fox- thc ox!-t:onco

| of each surfaeo ¢ ondlt!on would mcd t:o bo dd:ormtmd. ‘In-‘- :

lt.ld. ale -mmhtlon spnt:tor!ng rnﬂo- for nuncy And -tub

surfac- cond!tlom are lnclud.d ud dlumnd brhﬂy only for

complot:mn. » ('I‘he (110) nu'fuce wu lpntmd only at 1.

and 3 keV. using all t:h:-u Macc condltlm ) e
Cry-tpnopaph!c nom.ncheun lQ Daed gensrical lu. t:lu&

d!acuulon of .’0‘3’» | Rofcrom to an (hkﬂ spot. dmlpok

-
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fmply (Rl ejection. The(hki)directins aré with réspect to
a right handed coordinate system in which the crystal ts

described. The (hkl) surface is contained in ths m plene;
the y direction Is Into the drystal. The three crystals used

in the simulation are shown in figures 2-4; all contain 150

atoms. This crystal size has been found sufficlent to contain

nearly all energetic collisions for ion eno'i*iﬁi up to 7 .ﬂff.‘ "
A. The (111) surface. o | | |
The (111) surface was sputtered normally with mﬂ:

1-5, 7, 10, 20, and 40 keV. (Although the potential fiiiiction

is considered valld only for fon energies less than about’ '}hv. |

the higher energy runs were used to :nrﬁli“for additional
m.chgnl.mn'.) Four mochaniomo were fou.nd ‘These Wers

upocuny evident at the lowor (15 keV) lon mﬁu  Thiree

of thoao are ehnlﬂod gt_tgaco mgehanlam dnc. ou!y Mﬁu

tom- were fonn& 1:0 pnrﬂdpnto in the sput

fourth mechanisms s a m moelmn!sm In wh!oh &n hﬂlﬂl

’mwmml-rm«tﬁmthmm&m;m&mm

,In nll cuu. t:ho domlmnt mochnhm wm found eo bo

Exmt for hud-mx oom-!m. the ion l- ucatt»od by an .

tnmt (at:om 2) wld: u oonpomt of momm plnnd tn
mm:«uwmunmmwm&r mt

into the u-y-w., The effect of this conibination of momenta
umdﬂuamtm (n. n.). fo@mnﬂchunthf -

. -

g oviat. The.
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figure 5, into an apparent (11_2) channel forrggd_brltmﬂ/

[

8, and 9. The channel is apparent ‘since it terminates

abruptly thus causing atom 6 to drive atoms 7 and 8 into the .

crystal and atom 9 outward. Since atom 6 passes nearly
directly behind atom 9, the impulse is more normal to ﬁe
»'surface than parallel to it. This is termed a mole mechanism
since one atom burrows between two layers parallel to the
surface to sputter an atom in the outerinost layer. Atoms
sputtered by this mechanism are almost always a next nearest
neighbor (n.n.n.) to the target and located in or near the x
sextant defined by the impact area. They usually sputté_r ’
with greater than 10 ev. The target always receives the

majority of energy transferred by the ion, but it is normally

driven into the (111) trigonal array of atoms directly behind .
it. These three atoms act as buffers and dissipate the |
target's energy and momentum into the crystal. The target

~is reflected, but it does not retain sufficlent energy to B 3

~ sputter a surface atom nor sputter itself.

The second and thl_rd surface _mechcnllmn occur when the

lmpaét piu‘nmetér is about one third of an atom radius or

less. 1In both mechaniems a n.n., atom 6, ie struck by the
| ion such that the parallel and perpendicular momentum compon=
ent magnitudes which it acquires are of the same order. If

‘the perpendicular component is croac.é, atom 8 scoops a n.n.n.,

. atom 9, relatively high up In the surface plane of atoms and

3
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into their outer hemispheres. These atoms are densely packed
in the surface and act as a rigid reflector for atom 9. It is
found that atoms sputtered by the scoop mechanism have
ejection angles nearer the normal than would be found in the
absence of reflection In the surface. If the perpendicular
momentum component of atom 6 is nearly the same or less
than the parallel component, it squeezes atom 9 against its
surface neighbore. The squeezing causes the surface plane to
warp and atom 9, 10, or 11 is sputtered. Atoml':putt:o'rod
by either the scoop or squeeze mechanism usually sputter with
less than 10 ev. Atoms sputtered by combinations of the ‘- 3 g
three surface mechanisms are found to sputter with higher :
energies than when sputtered by a aingle mechaninm_. t : |
The fourth mechanism requires that an atom be reflected.

The atom which is most often apt to be reflected is the

target. If the impact parameter is greater than one haif

the atom radius, the target is driven towards an edge of the

trigonai array behind It ratier than into it. It will penetrate

this edge If it has eufficlent energy, but It will lose most of the
energy during th,c:“pwiex’-atim. "_I‘l_u reflestion ocours 'fmﬁ" |
third layer stoms and the wnc atom's reversed mamﬁm s
transferred to a second layer atom. The second Xam atom
will then sputter one of two ‘surface atoms at energies upwards

of 5 ev. At lower lon snergies the targst atom cannot

penstrate the array sdge and 18 reflected from the second

- 35




layer; it may or may not sputter a surface atom, but it .
rarely sputters itself.

When the crystal was sputtered at 7 keV, the ion was Lok
found to penetrate well into the second layer.. This is &
significant increase in lon penetration depth since 5 keV lons : 4
are found to penetrate only to the order of half zn atom radius.
The effect of deeper ion penetration is to cause a lateral ':4 P
compression of the second layer with accompanying warping.
Secqnd layer atoms which are squeezed outward will sputter a
surface stom but are rarely found to sputter themselves. At
the higher bombardment enerées tested (10, 20, 40 keV), the
number of second layer atoms which sputtered increased nearly
proportionally to the increase in ion energy. The sputtering o {

process at these higher energies appears to be predominantly A -

by the three surface mechanisms described for lower energy
sputtering. Mechanisms peculiar %o high energy sputtering have
not been observed although this may be due to the limited
energy range for model validity. ‘ ?

All (111) simulation deposit patters showed fhe character-

istic features of three (110) spots and a central (111) spot.

The 2 keV pattern definitely showed the presence of three

additional spots which were found in the regions in which -
streaking occurred at other energles. These patterns are
shown in figures 6~21. The appearance of a hexagonal pattern
at 2 keV was a surprising result, but it {s rot a unique
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occurrence in sputtering studies. Anderson and Wehw‘ 19¥

T

found a hexagonal pattern for (111) copper sputtered by
mercury. The’expected trigonal pattern was found for
energies up to 400 ef, a hexagonal pattern appearead at 400
ev, and it disappeared as the lon energy increased. Very '
recently, Robinson and Southern(32) have found additional
spots nea;r {114 positions for (111) gold sputtered with

4, keV argon.

The pattern features vary slowly with binding energy
provided its value is restricted to the range 2.50-3.50 ev.
The upper limit is the sublimation energy for copper” (33);
above it the patterms appear to deteriorate. This was most
evident at a 3 keV bombardment energy. A set of patterns
at this bombardment energy is shown in figures 5-12; for a
binding energy range of 1.50-5.50 ev. The'pattern deteriora~
tion is most evident in the region of the (111) central spot.
Figures 11 and 12 show the transiticn from a well defined
central spot at 3.00 ev to complete deterioration of the
central spot at 4.00 ev.

The half-intensity width of the (110) spots is estimated
from pattern data and from numerical data to be about 11
degrees. The width of the central spot is an unreliable
datum and was not determined.

Sputtered atoms were always found to be surface layer
atoms for sputtering at 5 keV or less., The atoms which
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were sputtered most frequently appeared to nat

caergies Into two catggoriea; ,atoms witb pgrpend;cw \@nerisy
greater than 3 but less than 10 ev and atoms wu:h perpendiculu- .
energy greater than 10 ev. Thg»higher enérgyr at?mawere
{ found to be equally distributed between the j;hrég (110) epots
i and the ;:gntral spot. They were algd found in t_he ngr‘r;o‘w*
; ' sectors defining the streaks and at distances from pattern
i center corresponding to the distances of the (110) spots.
This distance was found to be 0.7 units, the distance measured
for the spots in the patterns of SWR. The lower energy
atoms were usually found in the ceptral spot which glac_plalned
it;s sensitivity to binding energy. |

The correlation of sputtering _frequenc;y and cryst_aL

location of sputtered atoms was found uﬂné frequency-~liocation -

diagrams. These are shown in figures 22-29 for regular,

surface sputtering. Similar diagrams have been made for

sputtering the vacancy and stub surfaces. It was found that

a 1 keV ion does not cause frequent sputtering of n.n.ni\'s or 3

n.n.'s in the sextant defined by the impact area. However,

at 2 and 3 keV, n.n.n.'s are found to be éputtered .most

frequently, and at i.gher energies, both n.n.n.'s and n.n.'s

are frequently sputtered. Ths three-fold relationshlp between .
the frequency of sputtering, location of the ato}n with r‘vespect
to the target, and the ion energy may be clarified by consider-

ing the sputtering mechanisms.
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At 1 keV and an lmm(‘t par-_meter of Q-BO“‘: th Co R .

an atom radius, the ion is found to pesnetrate less ‘than hal?
an atom radiua. At eﬂérgiea up to § keV the pmtrationh
only allghtfy greater. It was found that, althoﬁl@: iho'&i‘tct
is always driven into the crystal, the n.n., which initlates the
majority of sputtering may not be driven far enough lnté the
crystal to provide the scoop mechanism. If it i; not driven

inward a sufficient distance to scoop the n'.n.n.", its energy

will be propagated in the surface along closé packed rows

which originate at the n.n.n. This is not a "focuson." At an

early point in the propagation the sur;fa.ce will have warped
sufficlently to caﬁse an atom to sputter. The sputtering Is

a result of a squeeze mechanism but not one diréctly lﬁvolﬁng
the n.n. As the ion energy is increased the m:gg and mole
mechanisms are more apt to occur although the squeeze
mechanism is found to occur at all ion energies. The transi~
tiona from dominance of one mechanism to another with
increasing ion energies may be inferred from the pro.fllel”lhown
in figure 31 for atoms which sputter most fretheﬁtly.

A relatively constant sputtering frequency is observed for
atoms 102 and 132, but the percentage of high and low energy
sputs varies for atom 102 which is a n.n.n. The percentage
does not vary for atom 132 which is neither a n.n.n. nor a
n.n. Atom 102 sputters most frequently at low ion energies

by the squeeze mechanisms, at higher ion ernergies by the scoop
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. and mole mechanisms. '_I'heae relatlonehlpe,l’_uveﬁ?en cgnfirmed

by the atom track displays. They alao haVe shown that atom

:,;:"Pf}_ e LT

[ SRS ¥ o

132 is sputtered by atom 102 through a legueeze mechanleni'

__alone at low ion energies but in conjunction with the_,_}moie

‘me‘ch,anie‘m at hi\gher ion energies. The proflle_’ ehovfn for atom
86 is the result of simple reflection frem seco‘r_xd,_‘layexﬁ ato:_ne.
Atoms 8’7 and 101, which are not in the impact sextant but
are sputt:ered frequently, are sputtered by the egueeze
mechanism. "
Figure 32 shows profiles of atoms sputtered by the ___2
mechanism. At low ion energies the target reflecte at an
oblique angle from second layer atoms rather than penetratlng
the layer, and it enters one of the apparent (112> channele.
Atoms 25 and/or 55 are then eputtered dlrectly by the‘ tar;get.
'(Although this is similar to a mole mechanism it ls a distlnct
mechanism gince the target must be refleeted ip this case but
not in the former case.) At higher ion energies the target
will penetrate the second layer and is reflected from third
layer ateme. It does not channel, but it ceuees a second
layer atom to sputter surface atoms. Accordlngly,ﬂatom 55 18
eputtered by the deep mechaniam more often than a.tom 25 is
sputtered by a channeled target. Atom 40 or 70 s
eputtered ‘ey a squeeze mechanism, usually l.ﬂ co;uunttlon w;th
the sputtering of atoms 25 and 55. o -

These results for the eputter!ng of a reguler aurface

o gs B ety
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have been found to be gencrally appllcable to aputte?!ng “acancy ‘

pray

and stub surfaces. Equal numbers of at:oms fram tho throc
surfaces are found in the spots and in the atrcak redoua. -l

It is also found that these atoms are usually the same from
all three surface conditions. They differ only in enorcydncc
it is the ion penetratlon dlstance which lndlrectly det:orm!nn
the magnitude and direction of momentum transforred t:o v
surface atoms. The vacancy surface sees an ion which
penetrates deeper; this is analogous to an ion of p‘eat:er enol‘cy
In the stub condition, the ion does not penetrato the nurfaca;
it transfers energy to the stub atom. The atub thon aumnn
the role of the ion impinging on the surface, but tho atub

appears as an ion with less energy.

Figure 33 shows the sputtering ratios for e&ch surface

| condition as a function of lon energy; assumed bindlﬁg dnergy

is a parameter. A statistical variation of +20% of the
sputtering fatio has been assumed. This would normally b§ an
unreasonably lar(e deviation for laboratory results, but It Is
considered conservatlfe for the numerical results from f._a
simulation in which many parameters are unknown., The actual
value of uputterin’c ratios obtalned for the regular surface Is
generally low by 2-3 atoms/ion for a blndlng. energy of 3.5 ev.
Further Investigation showed that, in a few caaoi, ﬁurf»aco

atoms 3 planes below the impact point would be sputtered with

about 4=5 ev. The average increase in the (111) sputtering
41
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ratlo over the 1=7 keV range !s‘estimated to be no grgaterv

-y vl

than 2 0 atoms/ion for a blnding onergy raggeﬁ?iy' 1.5 to 3: .5
ev.‘ This range is shown by the dotted linea in flgure 32;._
Vacancy and stub sputtering ratios show qg-rat;g be};g,qur oyer

the energy range stu@iqd.

i v
REa BN a by

Energy dlstributions of sputtered atoms ‘a.re shown in .
figures 35-39 The prgponderance _of _.atomsw}wlth e:ngxfgieg »!’ess
than 5 ev is cauaed by the lack of an intrinsic su;-face bjndif&g
energy. | The sputtering selectlon protess considers allatoms
having Elgreater than 1 ev. Thus the P(0, 50) energy, using
.an gssumed binding energy of 3.5 ev, is 2..).;2 ev. 'I‘hia is
esi‘:lgtia:illy evident'for the 1 and 5 keV_divstri‘butlon_s. I)f this
regi,c;n is disregarded, the peaks whic‘héoc‘cur at 5-é et_fo;'
all ion gnqrgles are assumed to be the maxltnum for each
distribution. Secondary rnaxlma'appaar at 16A ev for 1 keV
sputtering, 16 ev for 2 keV, ;nd at 14 ev fo:j 3 keV sputter-
ing. At higher ion energiea, a secondary maximum may be
present at L7 et for 5 keV sputtering. » The number of atoms
sputtered in the simulation is too amall to mak§ a definite
statement regarding maxima. Diffcrcneea a'u'e‘ usually measured
bby one, at kmoat, two ‘atoml.
| B. The (100) Surface. |

The (100) aurface was aputtered normally with 1, 3, 5,
and 7 _keV argon.. Mo_chanllm- oblorqu to cause lpiuttarlng'
were fgund to be nearly identical to the aurzaco‘nvzechan‘!a}mg}
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discussed for (111) sputtering. A mechanism directly = =
comparable to the Mx-nbc‘fﬁnld:ﬁ” was not observed. Instesd,
it was found that the scoop and mole mechanisms- are enhanced
by the presence of the (110) channels parallel to the ‘surface.
Surface atoms which are driven into these chminol:l do not

have to burrow between the first and second layer in order

to sputter nearby surface atoms. Additionally, it was found
that these atoms will frequently sputter themselves by -
refleétion from second layer atoms. The sguééze moéhihllm
was observed to be the most effective spuiterlng mechdnlsm

at 3 and 5 keV. At 1 and 7 keV ion energies, variatioas of the
8coop and mole mechanisms were dominant. The low-high and
middle ion energy dependence observed for the dominant
mechanism {8 directly related to the shape of the impulse b’y
which the tion transfers energy to a n.n. :

At low lon energles, the impulse is sufficlently broad that
the n.n. is directed into the edge of the aquare of atoms
behind it. The n.n. will enter the (110) channel without
immediately sputtering a surface atom. When the Impulse is
narrow, the peak force is not noceeurﬂf greater. The target
has received most of the energy given up by the fon, and the
fon-n.n. !mpact parameter ls larger. The n.n. will then scoop
or squeeze 2 surface atom causing it to sputter. At high lon
energies (7 keV) the fon was found to penetrate at least Into
the second iayer where It was deflected towards hut not into

b3




. to be scooped up and sputter surface atoms. Second layer atoms

K

a (110) chgnnel._d'i This was observed to cause seco

iR A

are also squeezed by their neighbors and may sputter through

the vacancy left by a sputtered surface atom.

_ Sput;t::;erlng at 3 and 5 keV was found to be qaus_e,c‘_l,by ‘,,the
lpgt;i:erlng of surface atoms along the surface as the 'iox_x_ was
being _reflectgd from second layer atoms. The aéueeze
mechanism was observed to sequentially sputter atoms along
a c;ose packed surface row. The occurrence of a mole
q;eqhaniam was conspicuously rare; even at 5 keV the energy

propagation was clearly restricted to propagation parallel to

the aurface layer of atoms and to propagation lnéo the crystal.

The only definite momentum reversals observed v}tore fA;‘ f:he
target atom and the lon.

The characteristic features of (100) sputtering deposit .
patterns are four (110) spots and a central (100) spot. The
patterns are usually outlined by a hypocycloid-ahq;gd hage;
the (110_)} spots form the cusps of the hypoeyc;old. Simula-
tion patterns were found to show these charaétgr%n_t:lc
features quite well for 3 and 5 keV sputtering. The.k 3 keV
pattern (figure 41) is a very good liken_ell to one at 2.5 keV |
reported by SWR. The (110) spot distances from pattern
center were found to be 1.0 TC unit which corresponds to

the distances In the 2.5 keV experimental pattern. It was

further determined from numerical data that the (110) spots
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were actually elliptical rather than circular. * This latter
characteristic is undoubtedly the result of distortion inherent
in flat plate collection of éputtered atoms (13}, The 3 ke¥
pattern was found to remain essentially unchanged as the |
binding energy was varied from 2.50 to 3.50 ev. The 5 keV
pattern (figuré 42) was almost identical to the one at 3 keV

only when a binding energy near 2.00 ev was used., "As the

binding energy was increased, the (110) spots bec . < s
well defined (figure 43) and spots corre.po' to (21")

became the most prominent feature. The intensification of

{210) regions was accompanied by a loss in definition of tho
hypocycloid outline. Similar resuits were obtalno'd"ﬁhﬁ sputter~
ing at 7 keV. The hypocycloid outline in the pattern coﬂd T
only be observed for a binding energy near 1,50 ev.

The deposit pattern for 1 keV sputtering (fl;_mfi 80)
showed very little similarity to those obt:a!nod from hlgtwr )
energy sputtering. Four spots corresponding to (211) were
obnévod; four (110) spots inay also bc defined bueauy u-.

‘extremely diffuse. (The (110) nbotn are best seen lat.'h. |

point plbt in ﬂmri 40a.) The ﬂudinc of (211) spots st
1 keV, and the appearance of (210) spots for 5 and 7. keV
lon energies suggested that the 'pattdrn mlcﬁt be rotated A5

degrees for low lon energy sputtering. The possibility that a : ! 3
rotation occurs has haen investigated (35,‘ but one has never
been experimentally cbserved. |
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The different (100) pattern features whlch appeared with

varying ion energies and binding energies were a_qxgrked cqnt:_rast

to the relative constancy observed for {111) patterns. (The
use of a binding energy of 3.00 ev resulted in comparable (111)
patterns for all ion energies.) The lack of constancy for the
pattern simulations may be explained as a result of the sub-
traction ofua binding energy from the perpendicul;:r component
of a sputtered atom's energy. (This is done to simulate the
énergy lost in overcoming the surface potéritlal.) An atom
sputtered with small perpendicular energy, less than 15 ev for

example, may suffer an apparently amall changs in its perpendic-

ular velocity, but the direction of its velocity may be consider-.

ably altered. The average perpendicular energy of atoms found
In spot regions is about 15-20 ev from sputtering the {100)
face. It is about 20-25 ev for (111) aputi:ering for which
variations of up to 1 ev binding energy have had little effect on
pattern features. This exple ition does not, however, explain
why the pattern at 3 keV is valid for a range of binding

energies. A consideration of the stoms sputtered may clarify

- but not completely explain this situation. The dissimi arities

seen In the (100) patterns may be directly inferred from the

frequency-location diagrams for (100) sputtering [ figures 4L6-49).
When the energy propagation ls restricted to the surface,

as it Is for 1 keV sputtering, the (111) surface ~+n dissipate

energy through four atoms in the momentum forward semia
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circle. The (100) has only three atoms comparsbly located
to dissipate the energy. Track displays have shown that for
1 keV sputtering, atoms 26, 116, and 132 are mtfw. by' a
combination of mole and squeeze mechanisms. The mole is |

predoﬂnapt in sputtering the atoms nearest the target, the

: squeeze mechanism becoming predominant for surface atoms

which are located further from the target. Atom 26 sputters -

¥ . . n
5 less frequently than atom 116 since it is on the opposite side ¢ )¢ »

N

of the crystal with respect to the impact #ru. - Both of

these atoms are found In (211) spots, but aton 116 is also

1 YN R 2 i
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found in (110) regions of the pattern. Atom 132 is found in

(211) spots and the (100) spot; it is sputtered only by the

e
. ’;;;"

squeesze mechaniams. When the bombardment onor‘y is >3 keV,

cthe deposit pattern has its expected charact:érhtﬁlcn. Correla-
* tion of high atom density regions with frequency-location dlu
‘i showed that the (110) spots are the rniﬁt of sputtering of

n.n.n.'s. Concurrently, the hypocyciold outline was found to

be formed by: (1) the spuctering of the same atoms which |

formed (211) spots at 1 keV, and {2) the ip‘nttcrlng of the

n.n.n.'s In the surface. These atoms were not .doudy

deposited in the (211) regions but formed diffuse eilipsse whose

seni-minor axes were along quadrant Wsectors. The appearance
. of well defined (110) spots at 3 keV Is st:-on;b suggeatad by

the 3 keV frequsncy-iocation dlagram, figure 4,7. Atoms 70

and 72 were observed to be -puttond' with abonf. the hmo

Y
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frequency as atoms 55, 56 and 86. Since atoms 70 and 72.
are alorg a (100) axias, one might expect that they would bLe
found in (110) spots, and this has been observed. Atoms 55
and 556 are in positions relative to the target such that they
would sputter within adjacent L5 degree sectors in quagrants
II and I1I. These atoms are found in the hypocycloid cutline.
The absence of the hypocycloid at 1 keV and its presénce
at 3, 5 and 7 keV is readily apparent when one considers the
sputtering profiles in figure 0. At 1 keV ion energy, n.n.'s
are never sputtered, however, they are spﬁttered with
in;reasing freque\zif;y as the ion energy increases. Atom _86,
the n.n. in the quadrant containing the impact area, exhibits
this behavior of increasing sputtering frequency. Atom 72
~shows a sputtering profile which indicates the {110} s;;ot
formation at ion energies of 3 keV or greater. The constant
nature of the profile for atom 102 at 3 keV and higher ion
energies is indicative of the hypocycloid outline rather than
{211) spot formation. Atoms 26, 116 ard 132 show a generally
decreasing frequency of sputtering with hig?x ion energy. This
is consistent with the loss of (211) spots at higher ion energies.

The track patterns observed for 5 and 7 keV (100)

sputtering showed that atoms ejected by a égueeze mechanism

are often ejected in directions opposite to those one would
expect solely on the basis of the location of the atom with

respect to the impact point. These .occurrences were caused
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by two factors: (1) the atom was squeezed against its
neighbor and reflected cutward and with its 'paranel compenent

of momentum reversed rather than being sﬁrictly ‘ejected ocut-

ward. {2) Sputtering by near simultaneous squeeze and mole .
mechanismg results in ejection of an atom where thg ejection
direction is dependent only on the impulee delivered by the |
channeling atom in the mole mechaniam.

Sputtering ratios for the ({100) sarfacemre shoWminLigtre 51.
The correspondence between simulation values and experimental
; values is quite good‘ for the regular surface for a binding
energy of 3.50 ev. The ratios for vacancy and stub surfaces
show a closer ccrrelation to the regular surface for (100}
sputtering then for (1i11) sputtering.

The energy distributions of sputtered atoms are shown

" "'m’{wﬂfmmﬂ ;«JA«J@'}W@@&&W%W%":,'ﬁ:ﬁi‘(iwﬁ"“"?WﬁmU’.‘?MW‘W" o i ,,},'.' L ; R ’v:,- ‘ P ;'v.‘," . ‘,Ur‘

in figures 52-55. No specific maxima other than that near'
5=-7 ev appeared to be present.

C. The (110) Surface.

This was the last of the three face centered cubic eryetal
surfaces to be sputtered in this simulation. It is pwpoéely
the laat to be discussed. F'irs%, experimentai deposit patterns
from (110) sputtering show only a large central oval area for

. bombardment energles greater than a few hundred ev (10).

Second, a unique feature of this surface is the (110) channel;

no other (hkl) surface ' a Face centéred cuble c'!‘ys'tii".'ahdvfa
¢hk)) ‘channeéls.: ‘The sputtering mechanisms occurring For't)'3,
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5 and 7 keV ion energies were most readily ébsqrvgq for,

sputtering of this surface, and they are interrelated wl:h‘.:he
_presence of (110) channels. The mechaniems are, again, -
identical in concept to those previously discussed for (111) .
and v(_lOO)»_sputtering. . Before discussing these meéha_ni_sma, :
separstely in terms of individual crystal atoms, the ‘fea.tgres
of the frequency-iocation diagrams (figures 56-59) are -
summarized.

Sputtering of the (110) surface differs significantly from
the sputtering of (100) and (i11) surfaces: (1} the target
atom was the atom sputtered most frequently at an‘_’lon
energies. (This is in agreement with results obtained by
Levy (39).) (2) the number of sputtered atoms with high
energies were generally those in the clogse packed row contain-
ing the target atom, but with the target atom located at
the center of the row rather than at the origin of the row.
These findings are wholly consistent with expected results
whgp one considers the sputtering mechanisms with respect to
this particular surface.

The frequent sputﬁerlng of the target is made possible by
the nature of the sgueeze mechanism but the mechanism does
not itself cause the sputtering. When the target is driven
.into the crystal it squeezes the n.n. (in its pow) and ejects

1t. Once the n.n. position is vacant, the target will travel

through a large, potentlal-free area before striking a sec¢ond:
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layer atom. The target strikes this second layer atom and is
free to reflect outward without finding a surface atom direstiy
in its path. The target then transferel most of its "paranol
momentum to a n,n.n. in the row. The paraliel impuise Is
then pronagated down the surface row. Warping of this one
row causes additional atoms to sputter. This apui:terlng
sequence is also observed as a result of the lon striking the
n.n. which is in the quadrant defined by the impact area. A
rather surprising continuation of this sputtering mechanism

was observed to oceur in atom rows located both above and
below the horizontal row containing the target. Second hﬁ'&r
atoms which receive energy from the target or ion are driven
into (111) apparent channels. They pass behind another second
layer atom causing it to be ejected outward and strike two
adjacent surface atoms. Sputtering ic, again, Initlated In a

surface row. Sputtering profiles for the target (atom 72)

and atoms 42, 71, 73 and 102 are shown in figure 60, Atoms
L2 and 102 are the n.n.'s to the target; atoms 71 and 73 are
those which initlate sputtering in the horizontal rows containing
them. Second layer atoms are sputtered morewfrequently as
the ion energy is increased.
Simulation deposit patterns from (110) sputtering (f!curu'
61-64) tend to show more of an oval outline than a uniformly .g
dense central oval region. kahe central region can be made

more dense by Including atoms sputtered with less than 1 ev
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- perpendicular energy In the probability-of-sputtering gglg(gg(igap
process. This did not seem justifiable for (110) »P‘t’fi’ra_,,_..;
production since these small energy atoms were e.x,cluéeqd?fxf}?m .

(100) and (111) patterns. The 1 keV point plot (figure 61a)

' showed indications of (100) spots but these cannot be clearly
seen in the deposit pattern (figure 61b). Their presence was
substantiated by numerical data. The average energy deposit

data showed that the average energy of atoms in {100 reglons

was nearly double that of atoms found in the ceptral oval.

This is a constant characteristic of ncn-central spot regions.

Ata higher ion energies there was no direct ingl_lcatiop of t}'xg

presence of these spots either by numerical data or energy

deposit data. A few atoms havir;g high energy were found In

these regions but the .rea density was too small to form“a .
spot In the pattern. The set of atoms found to form the

central oval for sputtering at all ion energies was not a wgll

defined group such as has been found for (100) and (111)

sputtering. The atoms forming the (100) spots from 1 keV

sputtering are those which are either n.n.'s to the target

or n.n.'s to the atom which initiates sputtering In each

horizontal row. T

The sputtering ratic for (110) sputtering is shown in .

figurwe,lz65, Agreement with experimental data from the

numerical and curve shape aspect was poorer for this surface
gl'gan the other two surfaces. This is apparently caused by
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(110) sensitivity of the sputtering ratio to the A parameter =
in the argon-copper potential function. Levy (3q) cbtained
better curve shapes using A = 11.435 whereas A = 12.58
has been used in this study. This sensitivity has not besn
observed for (100) and {111} sputtering; |

Energy distributions are shown in figures 66-69. "'f'he
notable feature of (110) sputtering is that the energy of
sputtered atoms is generally higher for (110) aputi:erfng than
(100) or (111) sputtering.

D. Results cf Anclllary Studles.

During the course of the simulation, it became apparent
thet certain extensions of this study should be made. It was
particularly desirable to probe five areas: ]

(1) Sputtering mechanisms pecullar to high bombard-

ment energies (up tc 40 keV}.

(2) Sputtering of the (110} surface by high energy
ions which are directed towards {110) channels.

(3) Sputtering mechanisms for an ion heavier than
the target. |

(4) Bputtering of the (0001) basal surface of a
hexagonal close packed cryatal.

(5) Sputtering the (100) surface at ov ion energies.

Investigation of the first two of these five areas were

limited somewhat by the restrictions for the copper=copper

and argon-copper potential function. They are usually assumed
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v_alid‘ up to about 10 keV, however, if small impact paramsters
are assumed: to :’rarely occur, valid results may be. expegted,,
Areas (3) and (4) involve the use of unknown parameters. . .
Aécpr_dingly, ‘the validity of results from. investigating these.
two areas cannot be assured,

The search for mechanisms peculiar to high ene‘rg_y ‘sputtering
was made using the (111) surface. This surface was considered
the one most likely to show additional mechanisms eince it is
the most densely packed surface. The failure to find mechanisms
(part A of this section) peculiar to high energy sputtering
was not too surprising. | |

The sputtering of the (110) surface by ions directed into
(110) channels was investigated by detérmining the sputtering
ratio for ions impacting at the two impact points located
nearest the channels. The sputtering ratio curve for channel
shots is shown in figure 70. The discontinuity between the
low and high lon energy curves is assumed to be the result of
breakdown of the potential functions. The Important result
la that sputtering always occurred for channel shots, even
when 40 keV ions were used.

The third area was examined using xenon to sputter the
(111) surface. Argon-copper potential parameters were used
aince those for xenon-copper were nof #vallable. Runs were

made at 3 and 5 keV, At both energies, the ion penetrated

at least to the fourth layer of atoms; no iggicgt;iog of maomentum
Sk
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reversal of the ion was observed. The lon was found to be

channeled, just before penetrating the third layex?, 'lnto' (1‘1‘6)
cha.n.nels. It initiated cascades which propagated ini:o the |
crystal. |

The fourth area was investigated to see if the ‘effect of
surface geometry on the sputtering deposit patterné could be
determined by a comparison of (111) sputtering of a face
centered cubic crystal with sputtering the (0001). sMace_of
a hexagonal close~packed crystal. Hasiguti, Hanada, and
Yamaguchi(36) have sputtered zinc with 8 keV argon; the
deposit pattern showed an outlined, equilateral henéon with -
a central haze. An attempt was made to reproduce this
pattern with the simulation mode! modified for zine-zinc
interactions. The potential parameter was adjusted 'for a
Born-Mayer type potential V(r) = Ae™" /b where A = 52
(2122)3/ b keV. This relationship was determined by Ander-
sen and Sigmund(37) . The argon=-zinc potentisi parameters
(assuming a Born-Mayer type potential) were approximated by -
using those for argon-copper interactions. Neither the |

sputtering ratio nor deposit patteru matched the reported

results. This was not unexpected since the zinc atoms in
the crystal must be represented as ellipsiods (with the minor
axis in the basal plane). rather than represented as spheres.
The (100) surface was sputtered at 100 ev to lnvut!uﬁo
the possibili.y of a 45 degree pattern rotatiom for low lon R
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energy sputtering. The number of atoms whlch wero lputterod
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was extremely gmall. All sputtered atoms had energlesﬂlees
than 10 ev. It v§as found that the atoms sputter&d most ‘
frequently from the regular surface were n.n.n.'s (figure 71)
Bombarding vacancy and stub surface conditions also resulted
in a predominance of n.n.n.'s being sputtered rather than
sputtering of the atoms forming the square about the target
atom.

E, Results Common to All Surfaces.

Momentum focusing was observed to occur onlir Lx_l_t‘_:_o._ t_hg
crystal for the three copper surfaces stgdled. This rvas‘
par.ticularl.y evident from atom track dispiaye of (111) surfgce
sputtering. If sn atom underwent momentum reversal, it was
always by reflection from atome located no deeper in _}thel
cr -stal .than the third layer. Even for 7 keV ion energ-ien,‘
crystal atoms located deep in the crystal were always driven
inward. A surprisingly large number of atoms with 'large
energies were found to move between second and third layers
w;v!th their métlan nearly parallel to the surface and with a
small, !nward-direct:ed momentura component. The energy |
which appeared to be delivered in impulses to atome still ‘a_t_
lattice sites, dissipated through the crystal. These atqmr -
rarely acquired more than 20 ev throgch the energy lmp_‘ulao»

process. Thelr motion was restricted since they were

surrounded by other atoms.
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The target atom in the (100) and the (110) surfaces,
when struck at near zero impact parameter by the lom,
alwais transmitted the majority of its energy bililard-ball
fashion in close packed rows perpendicular to the surface.
(Atoms to which this energy was transferred escaped through

the back face of the crystal.) There were a few cases In

~ which one of these atoms would initiate another chain. The

chain was never more than 2-3 atoms in length befors the
energy was either wholly dissipated-or the chain stopped by
divergence of the momentum to form numerous nma_n csscades
directed into the crystal interior.

The unique arrangement of atoms in the first layer was
observed to be a dominant factor in determining ojeedon‘
directions for all surfaces. Atoms which were sjected other
than nearly normal to the surface ﬁere ;'-zlway- influenced Byl
their neighbors. Atoms which were ej?ct:ed at lnddl near
45 degrees to the normal would reflect from thcir: neighbors,
often ending up as norm;lly ejected atoms. This ef'fect was
most prono\mcod for (111) sputter'ng -inc§ the llx }:t.oml
acted as a lens, But it was alsc seen for (110) sputtering
in which a lens is formed by second layer .ntoms. ' The (100)
surface showed a strong lonﬁ effect although one would not
necessarily ucumke that it occurs. Sputtered atoms, -
originally adjacent in the (100) surface, were often cbserved
to be ejected almost simuitanecusly. In these situations they
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were ejected nearly normal to the surface. This may be the
genesis of dimers recently observed by Woodyarid(BS) <

The spot regions of the deposit patterns from (100) and
(111) sputtering always contalned> more high energy () 10 ev)
_ than iow energy atoms. But the energy distribution was more
uniform than increasing with the ion energy. It was not
peaked at any one or group of energies. Atoms with low fon
energies were predominantly found in the central region‘of the

pattern.
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6. Conclusions.

The observable quantities of sputtering appear to be
interdependent on only the sputtering mechanisms. There is
no evidence that these quantities are interrelated. The
qualitative and quantitative data from the simulation indicate
that the deposit pattern, sputtering ratio;; and esnergy
distribution of sputtered atoms cannot be correlated with
each other; one cannot predict a sputtering ratic from an
energy distribution. But, each of these quantities can be
cross-correlated between surfaces.

The main features of deposit patterns appear to be
determined only by the surface geometry of the crystal. The
formation of (111) pattern spots ls attributed orimarily to
assisted focusing by the hexagonal lens. The prodo:z{inanco of
trigonal rather than hexagonal symmetry Is considered a
natural result of the brief (112) channeling observed in the
mole mechaniam. The appearance of streaks between the
spot pairs and the appearance of a hexagonil spot pattern at
2 keV suggeats that use of a hemispherical collsctor in the
simulation will show the thrse (114) spots which wers observed
by Southern and S‘Zuhinaon( 33). However, no distinction can
be made batwnr:: the (110) and (114) spots on the basis of
pattern location. If the mole mechanism Is predominant at
certain energies the (110) spots should be more Intense than
the (114) spots. If the sgueese mechanism is predominant,
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the (110) and (114} spots should have more equal intensities.,

‘The nearly exact simulation of a (100) pattern at"} keV
Is considered one of the best arguments that sputtering is
mostly a surface phenomenon. Neither the potentialform
nor Its parameters for copper-copper and argon-copper inter-~
actions are known with certainty. If sputtering was a deep
phenomenon, one might accept an argument that spots in the
pattern could be produced without exact knowledge of the
potential. However, the hypocycloid outline, definitely present
in the simulation pattern, is considered the feature of the
pattern which would be most sensitive to small variations in
the potential if sputtering ihvolved more than the first few
layers. This conclusion is consistent with the apparent
rotation of the 1 keV pattern. Atoms found in (211> regions
were sputtered when the energy transferred by the ion to the
target wasg as small as 40 ev. This compares favorably with
a calculated transfer value of 75 ev for a 0.5 K impact
parameter (21), A sputtering threshold energy of 50 ev
has been reported (33),

The inablllf:y to produce consistent (100) patterns at a
given binding energy for 5 and 7 keV sputtering is undoubtedly
due to the unknown condition of the surface. It would be
unreasonable to assume that the binding energy is a decreasing
functlon of ion energy only for the (100) surface. The
disruption of the surface by the first group of incident ions
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Is a factor which cannot be ignored. The sputtering ratios
determined for the (100) surface as well as for the (110)
and (111) surfaces, were within reasonable limits when the
assumed binding energy is in the range 1.50 to 3.50 ev. No
definite value of binding energy can be determined from the
patterns and sputtering ratios unless a weighting factor is
used for the surface condition at the time of ion impact,
The assignment of weighting factors would be, at best, a
guess.,

Three surprising features were observed in simulation
deposit patterns. The first, the apparent rotation of the
(100) pattern at 1 keV, will be further discussed. , The

rotation of the (100) pattern for low energy sputtering hae

-not been observed. The results of the simulation indicate

that such a rotation is possible. This conclusion is based on

r: «

'empipical rather than theoretical conslderations.  The fxypocycloid

outline found at 3 keV in the simulation appears to t?e formed
by the same atoms which form (<11) épqté at 1 keV,
F'urthermore, no explanations have been prevlogsl{y _prépoiad.ﬂ' as
to why the outline is a hypocycloid in experl‘mental‘patbt‘erﬁs\.‘
One would expect that a circular or perhaps a non\-cﬁ‘étin&t
outline would be observed when the (100) surface is npdtterad.
Accordingly, It is proposed that the hypocycloid outnri; is a

result of the inability of the (100) su}face to completoly»

focus atoms sputtered by a squeeze mechanism for 'bombiédment‘
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energies at which the energy propagation is not confined in thé
surface,

The second feature was the unique foerm of the bonds which .
connected the spots in the simulation pattern for (111)
copper sputtered at 5 keV. The appearance of the similar
outline, a spherical triangle, was observed in a pattern of (111)
copper sputtered with 1.5 keV krypton by Yurasova and
Bukhanov(34). The third feature was the hexagon s;';dt pattern
at 2 keV, a pattern seen by Anderson and Wehner(lon) for
(111) copper sputtered with 400 ev mercury. The similarities
observed in the simulation patterns with these anomalous
features of the experimental patterns suggested that common

factor other than the (111) copper surface might be present.

The momentum ratios of L00 ev mercury«2 keV argon anc .

1.5 keV kryptone5 keV  argon are 1.0 and 0.8 respectively.

This is not considered to definitely establish a sputtering

correlation based only on lon momentum., The momentum ratios

for 1.5 keV krypton and 4 and 9 keV argon are 0.9 and 1.0
respectively. Ideally, the spherical triangle would be observed
in the 3 keV (111) simulation pattern. Additionally, when
(111) copper Is sputtered at hign temperatures, the triangular
outline has been observed to become more pronounced (34) .
The absence of such a momentum scaling effect could be
easily shown by experimentally sputtering (111) copper with

fon momentum comparable to that of 400 ev mercury.
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The general consistency of the numerical values of."
gsputtering ratios, and energy distrib\itiona of 2huttered atoms
and likeness of the patterns with experimental data is a
strong argument for, the validity of a computer simulation of
sputtering., It is remarkable that the consistency is as
good as it is, The model uses only a repulsive potenélal, the
crystal size used in the simulation is an Infinitesimal portion
of the smallest laboratory specimens, and the potential form
and parameters are comparatively crude. It is conclﬁded
that the results obtalned substantiate the concept of

transparency and the occurrence of momentum focusing only

within the surface layer.
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APPENDIX A
The Beam Model
A, Impact areas and Impact points.

Each crystal surface contains an intrinsic, plane geomewc
shape; hexagon for (111) surface, square for (100) surface,
and rectangle for (110) surface. A volume element of the
(hkl) surface is defined by the area of this intrinsic shape i
and a depth of some number of (hkl) pianes. This volume is
chosen so that by translation along axes of a Carteslaﬁ
coordinate system the entire crystal may be generated. The
smallest Intrinsic area which can be chosen for each surface
and still satisfy the translation req_uiremeht iz shown in
figure 72. A finite number of points is symmetrically distributed
within each of these areas to represent the infinite set of
possible points of Impact for an incident ion. These smallest
areas are further divided into representative {mpact areas '
which are seen from figure 73 to b‘e deééhera_te under appro=-
priate rotations and/or inversions or the coordinate axes. _
Eince the sectors are degebnerate, the set of impact kElntl )
In each sector is also degenerai:e; only the points conrjlﬁod '
in one impact area need be used to represeni onmbardmont of
the entire area. The coordinate axes }ro'ut:ion and inversion
schemes are discussed in .Appendix c (Deposlt Pattern -
Production) .

The independence of the impact 'pélnt set used, with
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respect to number and kinetic energy of atoms sputtered, was
tested using two sets of points. No dependence was found.
Resgults for the ¢111) surface using a 3 keV ion are shown in
figure 74 as an example. Set 1 points are those shown In
figu;'e 73, set 2 (not shown) Is a set of eleven points which
are located between the points of set 1.

B. Neutralization of Beam ions.

The assumption that argon ifons are neutralized prior to
impact on copper may be inferred from results of a theoretical
study of secondary electron emission by Harrison‘et:. al.(27).
Consideration of atom-atom rather than ion-atom interactions.
gave results in reasonable agreement with experimental data.

A supporting argument for neutralization is based on
Hagstrum's theory of Auger ejection of electx‘ox'xs(3e).~ The
probablility _of an ion being neutralized in dx at x is:

P (i,v) -‘g; éxp{ - &xp [-a(x-xm )] "‘("”‘m;&
where Xm = ( 1/a)‘1n (A/av) is the value of x where P, is 2
'.,ma'ximum. AThe parameters £ and & occur in the tran;t;on
rate function, and v Is the vaiocif:y.of an ion starting at x = 0®.
Hagstrum used tungsten aj»an example and obtained the value »
of A by empirical means, the value of a from publiched data.
Rather than attempt an exact proof of neutralization for argon
on copper, Hagsﬁrum’s results for argon on tungster. have been
used to give an order of magnitude, at w'ox?nt, approximation.

o
Accordingly, 1.53{ x5, { 2.18 A for 1 to 10 keV argon lons on
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copper; this is a reasonable distance from the crystal surface

RN

and one may assume that neutralization occurs.

C. Ion Deflection by Burface Potential.

£.8 a first approximation, it is assumed that a singly

positive-charged argon ifon sees the crystal as a single, fixed
scattering center having 2-1 positive charge. The well known
equation for a central force-induced hyperbolic orbit is used
in conjunction with figure 75 to determine the deflection.
r(0) = (L?/mk) /[-1 + (1-1'2}'31'..2/m1(‘2)1/2 cos(‘* [ - )}
L = fon angular momentum m = jon mass
E = ion energy K=Q QZ/HTG.
| Q = angle of closest approach
The angular momentum L is determined at rese, @-2W
to be L = mvb where mvS/2 = E and b is the impact parameter.

Tue equation for r(0 ) is put in a more convenient form by

mading the substitution L2 = (mvb)° = 2mEb? to give

r (@) =b (Z.Eb/i:)/{ -1+ [1 . <zsb/w'2]1/2 cos(@-8 )
The angie of closest approach &, is determined as a f@cdan
of “he product Eb, by requiring the denominator to vanish for
O=% . Once (-u a function of EY is known, the
deflection ratio r/o_is calculated at the crystal surface.
The deflection calculated Is for an unneutralized lon, thus
greater than that for an lon which is neutralized at soma
distance In front of the surface. Plots of r/b at the surface
tndau functions of the fon Unet:ic snergy-impact parameter
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_product aré contained in figure 76. The numerizal values sre
for an Ar® = Cu' system. |

A more sophisticated approximation, scattering from a
fixed dipole of same charge sign, requires a messy integration.
Rather than fcllow this line, one may expect from th«.a naf:gre
of the problem that the path of the approaching ifon will undergo
some oscillatory motion or perhaps corkscrew motion as the ion
is influenced by the surface potential. In either case one
would expect that the net acceleration of the ion parallel te
the crystal surface would be no greater than that _dué to a
single fixed scattering center. With these considerations,
figure 76 is used to determine the percentage of ions which
will be appreciably deflected. As an example of an apprecia.me
ion deflection, consider r/b = 2.0} from figure 76, Eb = 3.5 x
10~ keV-:x. An energy range of 1-10 keV for argon lons,
that used in this study, corresponds to a range of impact
parameters of 0.035 - 0.0035 .:. The fraction of surface
area, and therefore fraction of ions which will be ;ppx;eclab'ly
deflected is (0.035)%/(1.26)% = 7.7 x 10™ for 1 keV lons and
7.7 x 10f‘6 for 10 keV ions (1.26 Ao is the copper atom |
effective radius in the crystal). This negligibly amall fraction
of lona cannot Influence the macro aspects‘of the aptxttgr_lp.g
model.
D. Equilibrium State During Impact.

The use of a single atom approximation to the beam with
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the crystal model de{scrlbed' fn_ the main text requirss tﬁat t_her
cryetal region be in an equmt;rfu‘m* state at the time of} an

fon impact. It is not necéesﬁby that fh?s gquiﬁbrium state

be idenﬁcd t§ §rev!ous equilibrium states since the ‘vax"lety

of asurface configurations avaiiable in the modei ﬁrovidés tor
random surface conditicns. It is necessary that the time
‘required for the ;rystal region to return to an equllibz;lum
state be small with respect to the arrival-time intervals of
the icns. Satisfaction of this condition is determ!ned.by
comparing an experimental beam flux over the arsa of the
crystal face of the model used to the time required for. o

completion of all energetic collisions in the model.

Beam intensities of the order of .‘Lo(ymmps /crki?’ were used
by Magnuson and Carlston{12), If a beam of this inténs’léi{ |

} - I
is incident on a crystal surface area of lesg than 103A% guch

as in the model, the lon filux over tfgis area la less than 10’07:
ions/sec, an ion iarr!ﬁ&l-glme inte;'var.!vtof‘ 1C"2 éecandé; all
energetic kéiollisibmi_' in the model 'afre_complreit»ed within about -
10‘13 sec’;mde‘. The relaxation titne of the reglon is thtik"niuch
smaller than the fon arrivgl-t;imé” intervais 'afxd the condition,

‘thakt the crystal region be‘ in an equillbrium at&te’ at the g&md | -

of impact, is satisfled.
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APPENDIX B
Positioning the Ion
The ion is positioned tangent to the first target atom it
will strike. Sinée this is a dynamic rather than statfc process
it is not necessary that this be a stable p:ositicm on the cryatal

surface. Figure 77 shows the ion at its arbitrary initial
position and calculated final position, both with respect to the
impact point and target atom. The initial position is a smali
distance in front of the surface, beyond the eroded éotential
range of the crystal atoms. This position is described by a
vector ry or_iginating at the impact point and having direction

parallel but opposite to the ion’s velocity vector. The vector

.r_z,: from the impact point to the target atom, is known

since the target atom's coordinates are known; the vector ry

. is known, and it is desired that vector T2 have a maénit‘;ude

equal to the distance between centers of two tangent atoms,

Rr,. :Thp{,‘law of cosines is used to compute the ﬁagn&tixd_e of

l

.whlch )lbs along rl. Accordingly, the followlng;cal,ctﬁatidns
are mader |

cosk = T .7,
Ira] Jr2l

(ré)z - {2r

s coset ) (r3) +‘(r: —-‘-’(.varo‘)g) .,‘ O :

(rB) - vrz coset + [rg cosfet = (r§ - (iaro)a)] 1/2 h

The positive square root solution is chosen to give the tangent

~on tle outside hemisphere of the target atom.
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The lon positioning 15 accomplished a.utom&ti_eally for uch E

run byt-subroutine START, which Is contained in the computér

pfdmm for the sputtering simulation.
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APPENDIX C

Production and Analysis of Sputtering Deposit Pa:;tezfn;

A, Production. | - ' SRR

A gputtering deposit pattern represents the intersection

points of atoms! velocity vectors with the surface of a
rollector plate. The sputtered atoms from the simulation
are collected on a flat plate by determining these poinﬁs of'.
intersection., Each atom which exits through the cryétal
surface is initially assumed to have been sputtered and a data
card has been prepared for each one. Data of particular
interest are each velocity component magnitude and the kinetic
energy perpendicular to the surface; data of secondary
interest are atom number, impact point used and ion kinetic
energy. (The use of these last data will be discussed shortly.)
it is recognized that each sputtered atom has lost some
energy to overcome the surface binding energy. An assumed
value of binding energy ls subtracted from the perpendicular
kinetic energy and a new perpendicular velocity componght is
calculated. Parallel velocity components are normalized fo the
new perpendicular component to give a two dimensional coordin-
ate point. This point is the intersection of the atom's
velocity vector with an imaginary collector plate placed at unit -
distance from the target surface. Each point is then rotated
and/or mirrored about ths coordinate axes to give the inter-

section of a velocity vector which would have resulted for an

Th




lon impacting at the corresponding impact point In each 6{ ‘
the other impact areas. The impact areas are s'howﬂ. n
figure 73 and the coordinate point rotation and mirroring vilues
are listed in program DATASORT which is used to generate |
the points. Each point is plotted using program DATAPLOT
with-a CDC160A computer and a CalComp plotter to give &
point plot. The dimensions of the plots are in tarcet-"éo-
collector or T=C units since these points have been norm'al;\ud
to unit target-to-collector distance. Thée scadle which ;‘h'hb
' been used permits plotting deposit points of stoms which “ha;,'v’e'
been sputtered within an escape cone of about 63 degress : | |
(57 degree cone shown in figures). This has been found
satisfactory to contain all pattern features of interest.

The point plots show only point patterns and therefore
do not accurately simulate experimental p’dtf.ofms which ‘l'ro:
area density patterns. The conversion of a point plot to a
smooth area density pattern is made by photograpliing the ﬁblnt
plot with the camera defocused such that no single point is
-distinguishable but high and low density areas are prominent.
Developing and printing is controlled to bring out the high
density areas while maintaining the hase backpouhd. ,an of
intensity in some spot regions cannot be avoided such as seen
in figures 6b and 12b. The process must be adjusted for
each pattern; the segquence of photography, donloplng; and
the printing of the positive image is highly dependent on the




abllity Qf_..\fhlﬁ phgt{ographer. Coqcurrently, . the ?g\glgyy_. of
repreduction of these patterne In printed form dﬂo;pe_nd,ﬂfpn the'
| plate preparation, the printing press, and the paper: uaed‘
B. Apalysis, P

A 30 x 30 square grid is placed over the central 3.0 x 3.0
unit square of the raw pattern by program DATAGRID.:
The identification number of an atom and the impact _ggig;tgjg.'nd'
impact area of the run in which that at;om ‘was sputtered are
recorded for e‘achr atom in the grid square. The. total number
oi_:‘_;ato;r;s, the total energy, and the average energy per atom .
for each grid square are printed in separate square arrayas.
The individual grid square data provides for correlation:
betwggn an atom's crystal location and its deposit paint: m‘ -
the pattern; the square arrays of the number of .atoms and
the total and average energy densities may be compared
dlregtly with the point plot or smooth pattern t“ox::.ap‘;lygl‘u gf

pattern features.
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2. Section 1:

Section 2:

Section 3:

APPENDIX D

Memory block allocations and fu.ﬁctlons are
established. All storage cells are zeroed.
Input and output formats are specified.
Constants are set, and the target material,
ion species, and crystal face to be sputtered
are read in.

The ion energy, impact area, and impact
point are read in. Constants peculiar to the
run are established. '~he appropriate sub-
routine is called to bulld the crystal, and
crystal boundaries are calculated. Subroutine
START is called to position the ‘ion. The
initial value of At is calculated. Initial
coordiratea of all atoms are assigned, and
their velocity components are zerced (except
for the lon). The initlal coordinates of the
crystal atoms are printed. |

Forces are calculated by caliling -ubroutine'

STEP. Atoms are moved to thelr intermediate

positions in the two step cycle. Subroutine
STEP is called again, and atoms u.o moved
to their final positions. Final velccities are
then computed. Force components are
zeroed in preparation for the next timestep.
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The maximum kln\etlc energy is determined for
the calculation oé’b.t.

Section 4t The time remaining unfll cutoff is determ!nod.
If there is insufficient time to coz-nplotc
another timestep, terminal data {s printed.
Potentlal energy is calc\ﬂatad and summed
with kinetic energy to give the tota! energy
for energy balance check (manual check). 'i‘flc
data for atoms having potential energy greater
than the thermal energy are printed.

Section 5¢ Atoms which have kinetic energy but not
potential energy are assumed to be free of.
the crystal. They are aasigned LCUT=},
‘The surface through which an atom exited ls
determined and a code asalgned. A maximum

potential energy is found (for gt calculation)

among atoms which do not have LCUT=1, If
the maximum potential snergy is less than a
minimum wvalue the terminating orocess begins.
If this energy !s greater than the minimum
value, another timestep begins.

Section 61 Pertinent data for all atomes is printed. Atoms
which have exited through the front of the
crystal or wiil exit through the front are
assumed to bas sputtered. Data for these
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atoms areprinted and a data card punched
for each atom. A new data card g then

read into initiate another run.
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APPENDIX E
% Glossary for FCCSPUT
AC Parameter for target force function ccrrection.
3 AIX
¥ AIY Floating peint form of IX, IY, IZ2,
AIZ
% ALFA Cosine of the angle between vectors: R1, R2.
ALFA2 ALFA squared.
B Recliprocal of magnitude of atom velocity.
BENGY Energy which an atom within the crystal at shute.
down must have to be considered sputtered.
* BULLET Variable representing primary material.
; BX Unscaled x, z coordinates of the impact point
¥ _ B2
4 CELS Frictional force multiplier. (See CVS)
;‘ 3 .
: COX
COoY Direction cosines of primary velocity vactor.
;| coz
g COX1
by COYI Negative values of COX, COY, CUZ.
% cozli ‘
§ CvB ~ . A constant.
§ CvD Converts meters to angstrom uanits,
ia CVE Converts electron volts to joules,
& CVM Converts atomic mass units to kilograms.
E CVR Converts lattice units to angstrom units.
§ DCOX
B DCOY Direction cosines of sputtered atom velocity vector.
S DCOoZ
3 DE'E Distance difference between nearest neighbor
) distance and actual atom differences.
DIST Distance between any two atoms.
107
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DRX
DRY
DRZ
DT

DTI

DTOD

DTOM

DTOMB

DX
DY
Dz

ECUT

EI

EMAX

EVER

EXA
EXB

FA

FAC

FM

FOD

FORCE

X, ¥, 2 components""deIST.

Length of timestep in seconds. s

Number of lattice units most energetic atom
may move in one timeatep. : :

DT/CVD - a ratio used to avoid repeated division._.*

DT/PTMAS - a ratio used to avmd repes .,ed
division.

DT/PGMAS - a ratic used to avold repeated
divisicn,
x, ¥, z distances atom has moved from initial

position.,

A lower limit on an atom!s potential energy. If

energy is less than or equal to ECUT the program

shuts down.

A cuteff energy.

The maximum energy encountered in any cycle. |
Primary energy in electron volts.

Primary energy in kilo-alectron volts,

Potential function parameters.

The component force increment on an atom.

The minimum distance the primary is positioned
in front of the first xz plane at start time.

A small number used in checking potential energy
zero point.

FORCE/DIST - a ratioc used to avoid repeated
division.

Numerical value of the force function with a
variable parameter.
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FORF
FPTC
FPTF
FRC
X
Py

)
XA

GMAS

HDTOD

HDTOM

HDTOMB

HGMAS

HTMAS

IcuT

IDUM

IHB
IHS.
IHT
IH1

IN

INDEX

INOW

Target atom force function.

The corrective force value at RCE.
The corrective force function.
Numerical value of the target force funot!on at

ROE.

x, ¥, z components of total force on an atpom,

Force function parameter.
Target atom mass (in a,m.u.)

1/2 DTOD = a ratio used to avoid repseted
division.

1/2 DTOM - a ratio used to avoid repested
division. '

1/2 DTOMB - a ratio used to avoid repeated
division.

1/2 GMAS - a ratio used to avoid repested
division.

1/2 TMAS - a ratio used to avold repeated
division.

Used to provide output prior to time limit
shutdown.

Dummy variable.

Alpha-numeric arrays for titling.

QOdd-even integer used to determine atom site
establishment.

Integer (0 or 1) used in determining dynamigs
cycle step.

‘Time program has been running in seconds.
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IP

ISHUT

ISPX
ISP2

ISS

IT

ITr

IX
1Y
Iz
IXP
IYP
I1ZzP

JSHUT

JT

JTS
JTT

KCuT
KT

LCuUT

LL
Ls

LsSs

Subscript value of atom. Used In subroutine
STEP, »

Time left prior to time Lmit.

Fixed point values of SPX, SPZ.

Subscript value of most energetic atom.
Unscaled fixed point x coordinate used in lattice
generation. Also a dummy variable in function
TIMEF.

Odd-even integer used to determine atom site

establishment.,

Number of x, y, z planes of crystal.

Crystal dimensions in x, y, z.

Cutoff variable based on total potential energy
of crystal.

Unscaled y coordinate used in crysta! generation.

Variables used to establish atom sites.

Identifies exit point of atom.
Unscaled z coordl_nate used to establish atom site.

Used to identify actoma which are not included in
calculations,

The highest numbered atom in the crystal.
Sum of the Miller index integers.

Usea to ident!fy type of surface, i.e., regular,
stub, vacancy. -

An integer used to begin atom numbering.
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ND
NPAGE
NS
NSHUT
NT
NTT
PAC

PEXA
PEXB

PFIV
PFORF
PFPTC
PFPTF
PFRC
PFXA
PGMAS
PKE
PKEY
PLA
PLANE
PNUM
POT
POTF
PPE

Subscript of the atom to be removed for
vacancy surface.

Data output increment.

Page numbering variable.

Initial print statement cycle .

Cutoff variable based on too iong a timestep.
Timestep.

Timestep limit before shutdown.

Same as AC except applicable to primary.

Primary force function parameters.

A constant = 0.5.

Primary force function.

PEFPTF evaluated at ROE.
Primary corrective force function.
PFORF evaluated at ROE.
Primary force function parameter.
Primary mass In kilograms.

K!neﬂc snergy of an atom.

Y component of kinetic energy of an atom.
Crystal piane (alphanumeric variable).
Same as PLA,

Impact point (alphanumeric variable).
Potential energy between two atoms.
Target potential function.

Potential energy of an atom.
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PPOTF

PPTC
PRI
PTC
PTE
PTMAS
QM
QUIT
RBX

RBZ

ROE

ROEM

ROER

RX
RrRY
RZ

RXBND

RYBND
RZBND

RXI
RYI
R2Z2I

RXK
RYK
RZK
RXS

RYS
RZ8

R1

Primary potential function.

PPOTF evaluated at ROE.

Chemical symbol for prlﬁxuy material.
POTEF evaluated at ROE.

Total energy of an atom {potential + kinetic).
Target mass in kilograms.

A small number used in checking kinatic energy
zero point,

Cutoff variable checked againat total potential
energy.

~-Unscaled x, z coordinates of impact area

reference point
Nearest neighbor distance.

ROE ~ DTI (one timestep distance less than
n.n. distance).

RQOEF. squared.

x, ¥, z coordinatea of atom at any time.

x, ¥, z coordinates of crystal boundaries other
than zero.

x, ¥y, 2 coordinates of atom's initial position.

x, y, z coordinates of tamporary position of
atom during force cycle.

X, ¥, z coordinates of Impact point.

Vector from impact point to Initial primary position.

112




TAR
TARGET

TE

X, ¥y % coordinates cf Initial primary position,

Scalar product of vectors R1, R2.

Magnitude of vector from impact point to first
atom hit by primary.

R2 squared.

Magnitude of vector from impact point of
primary start position.

1/2 POT.
X, ¥y, z coordinate scale factors.

Cutoff variable checked against a long DT.

x, z distance from impact area reference point
to impact point.

A z scale factor used for(lll) plane lattice
generation.

Plane (alphanumeric variable).
Chemical symbol for target material,
Target material (alphanumeric variable).

Total energy of crystal atoms (kinetic +

potential).

Temperature of lattice In degrees Kelvin.
Thermal energy of atom.

Computer time program has been running.
Elapsed problem time.

A function to convert seconds to minutes.

Target atom mass in kilograms.
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TPKE Total kinetic energy of crystal atoms. v -,
TPOT Total potential energy of crystal atoms., s |
' VOL Magnitude of primary velogity vector. i y
» vss Storage variable for velocity components.
vX
vY X, ¥, z components of atom velocity.
vz
X Unscaled x coordinate used in orystal generation. !,
XIT Floating point form of IT used in function ,TI_MO.- . : j
| Y | Unscaled y coordinate used in crystal generatiqn. i g
I z Unscaied z coordinate used in crystal generﬁtﬁcn. ‘
Z2E A constant = 0.0

| zP Floating polnt form of JTT.
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Erosion of the torce function

atr - ZrO resul ts in a loss

ot energy in the modet. Thi s

1s corrected in the STEP subioutine.

Figure 1
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Argon Copper Sputtering
(111) Surface

.0 Kev Bombardment Energy
3.00 ev Binding Energy

Figure ba
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Argon Copper Sputtering
(111) Surface
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Figure 6b
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Argon Copper Sputtering
(111)  Surface

2.0 Kev Bombardment Energy
3.00 ev Binding Energy

Figure 7a
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Argon Copper Sputtering
(111) Surface

3.0 Kev Bombardment Energy
1.50 ev Binding Energy

Figure 8a
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Hjﬁm‘m’ﬂ:e sputtering process has been investigated by simulating thas
sputtering of singie-crystal copper with 1.7 keV argon. A digital
computer was used to bulld the crystal, bombard it, anc move
crystal atoma. Four mechanlams were obaerved which cauge surface
H atoms to sputter. An atom is sputtered when (1) it {8 squeezed
out of the surface, (2) it is scooped out whern another atom strikes
 its inner hemisphore, {3) it is sjected when an atom passes hehind it,
and (&) it is knocked out by & second layer atom which is moving
outward. Meariy all sputtered atoms were surface atoms. @econd
angd third layer atoms were sputtered only for ion energies greeter
than § keV. They were aputtered by mechanisms similar to the
surface atom mechanisma. "Sisbwee chains® were ckserved to e
directed intg the eryatal, snd momentum focusing was observed to
| cause sputtering only when it occurred in cloae packed, surgggﬁ rows.
| Qutward directed chaing were not ochservedd. Sputtering deposit
i patterns, sputtering ratics, and sputtered atom engrgy distributions
! were obtained for (100), (110), znd (111) surfaces. All data
coaapard favorably with experimenta! data.
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